C ARDIOVASCULAR DISEASES
are the primary cause of death in older adults, and among those without clinical disease, high levels of subclinical disease are associated with poor survival. 1 The effect of the extent of vascular disease on the quality of the remaining years has not been defined. Studies of "healthy aging" or "successful aging" show that those who survive with intact health or function have low levels of modifiable risk factors for common chronic diseases, particularly risk factors for cardiovascular disease. [2] [3] [4] [5] Risk factor modification can prevent cardiovascular events and mortality in older adults, but the effect of cardiovascular disease prevention on active life expectancy or successful aging is still uncertain. It is possible that cardiovascular disease prevention would have limited effects on a reduction of disability, because nonfatal yet prevalent conditions are also disabling in old age. 6 Recent studies 7, 8 of subclinical cardiovascular disease suggest that some measures of the extent of vascular disease are associated with adverse health effects even in those with no symptoms of vascular disease or history of myocardial infarction, stroke, or other vascular events. For example, those with subclinical peripheral arterial disease have mobility impairment even without claudication, 9 those with white matter changes on brain magnetic resonance imaging but no history of stroke have demonstrably lower levels of physical performance, 10 and those with subclinical disease appear to be more frail. 11 These data suggest that subclinical cardiovascular disease has adverse effects on health and function and, in addition to causing morbidity from heart disease directly, may contribute to disability and cognitive impairment. If true, then levels of subclinical vascular disease might predict not only better survival but also lower rates of physical and cognitive decline. In the present study, we defined criteria for successful aging, based on the conceptual framework of reaching old age without having experienced serious chronic illness and having maintained high levels of physical and cognitive functioning. 3, 4 Successful aging is of interest because it is common in those with extreme longevity and may be in part genetically determined. 12 We hypothesized that there would be a graded relationship between the extent of cardiovascular disease measured noninvasively and the likelihood of maintaining successful aging. Such information would provide evidence as to whether noninvasive assessment of vascular disease might identify those most likely to age well or to benefit from cardiovascular disease risk reduction programs.
ORIGINAL INVESTIGATION

METHODS
POPULATION
The Cardiovascular Health Study (CHS) is an observational study of 5888 community-dwelling older adults, including 5201 participants recruited in 1989-1990 13 and 687 minority participants recruited in 1992-1993. Participants were recruited from a random sample of the Health Care Finance Administration Medicare eligibility lists in 4 US communities: Forsyth County, North Carolina; Sacramento County, California; Washington County, Maryland; and Pittsburgh (Allegheny County), Pa. Potential participants were excluded if they were institutionalized, wheelchair-bound in the home, or currently under treatment for cancer. All participants gave informed consent, and the institutional review board of each participating university approved the protocol.
The baseline examination (1989) (1990) for the original cohort and 1992-1993 for the added minority cohort) assessed health history, health behaviors, cardiovascular risk factors, and measures of subclinical cardiovascular disease. Subsequent annual examinations included assessment of physical and cognitive functioning with periodic reassessment of medical history, including clinical and subclinical cardiovascular disease. Interim telephone and clinic contacts at 6 months were used to assess all hospitalizations and outpatient cardiovascular diagnoses.
CRITERIA FOR SUCCESSFUL AGING
We conceptualized successful aging as remaining free of major, life-threatening chronic disease and having normal physical and cognitive functioning, based on other definitions of successful aging. 3, 4 Specifically, we operationalized the definition of successful aging at baseline to include those with no prior diagnosis of cancer, an absence of cardiovascular disease (CVD) (angina, myocardial infarction, cardiac revascularization procedure, congestive heart failure, stroke, transient ischemic attack, or claudication), 14 no chronic obstructive pulmonary disease (chronic bronchitis, emphysema, or asthma), no reported difficulty with any activities of daily living (ADL), and a modified Mini-Mental State Examination score in the 80th percentile or higher. 15 Maintenance of successful aging over time was defined as remaining free of incident cancer, CVD, chronic obstructive pulmonary disease, 5 or new and persistent physical disability or cognitive decline. Death without a prior health event, disability, or cognitive decline was censored as a neutral event. If CVD death was the first indication of CVD, the participant was not considered to have incident CVD. Incident CVD hospitalizations were reviewed by an adjudication committee to confirm the hospital diagnosis. Hospitalization for cancer included any International Classification of Diseases, Ninth Revision (ICD-9) discharge code identifying cancer other than nonmelanotic skin cancer. Chronic obstructive pulmonary disease was assessed using hospital discharge codes 491, 492, and 493 for bronchitis, emphysema, and asthma, respectively. Annual telephone or clinic interviews were used to determine self-reported difficulty with 1 or more ADL or whether results on a clinicadministered cognitive function test indicated cognitive impairment. Persistent ADL difficulty was defined as self-report of difficulty with any ADL on 2 consecutive clinic visits or a single self-report of difficulty in a participant who subsequently died or was missing these data in all future years. Similarly, cognitive decline was defined as a score lower than 80 on the 100-point modified Mini-Mental State Examination on 2 consecutive visits, or lower than 80 on a single visit followed by no modified Mini-Mental State Examination score data in future years. Consecutive visits were defined as 2 visits with data, so that if a participant had data in years 6 and 8 and was missing data for year 7, then years 6 and 8 would be considered consecutive for that participant. The date of decline was defined as the first of the 2 consecutive visits recording decline, to allow inclusion of participants who had no subsequent visits following a decline. Data were available through June 30, 1998, for hospitalizations and through June 30, 1999 , for clinic visits, thus allowing for ascertainment of cognitive or physical impairment through June 30, 1998.
NONINVASIVE ASSESSMENT OF CVD
We first examined a composite measure of several noninvasive measures of the extent of CVD 8 and then individual measures, including carotid ultrasonogram, 16 ankle-arm index (AAI), 17 and electrocardiogram 18 findings. Carotid stenosis greater than 25% was assessed by Doppler flow ultrasonography, and maximal near and far wall thickness was averaged for the internal and common carotid arteries. Quintiles of the combined internal and common carotid arteries were also examined, as this has been shown to be most predictive of CVD outcomes. 7 Ankle-arm index was examined at 0.1 increments below 1.1. 17 Major ECG abnormalities included ventricular conduction defects, major Q or QS abnormalities, minor Q or QS with ST-T wave abnormalities, left ventricular hypertrophy, isolated major ST-T wave changes, atrial fibrillation, or firstdegree atrioventricular block. 19 The composite measure of any subclinical disease was defined as presence of any of the following: common or internal carotid wall thickness above the 80th percentile of the distribution for all CHS participants at baseline, maximum percent stenosis of the internal carotid artery greater than 25%, AAI of 0.9 or less, any major ECG abnormality, or Rose questionnaire findings that were positive for angina or claudication.
OTHER RISK FACTORS
To determine the independence of the associations of vascular measures with successful aging, other risk factors for disease, disability, and cognitive impairment were examined. These included demographic factors of age, race, and education; comorbidities of depressive symptoms and arthritis; cardiovascular risk factors; and inflammatory markers.
Depressive symptoms were assessed with the modified Center for Epidemiological Studies-Depression questionnaire, 20 and arthritis, smoking, and physical activity (expressed as energy expenditure) were assessed by self-report. Hypertension was defined as definite if reported and the patient was on appropriate drug treatment or if measured blood pressure was higher than 160/95 mm Hg, and as borderline if blood pressure was be-tween 140/90 and 160/95 mm Hg. Diabetes mellitus was defined as known if reported and the patient was on appropriate medication, as new if measured fasting glucose was at least 126 mg/dL (7.0 mmol/L), and as impaired if fasting glucose was 110 or greater but less than 126 mg/dL (6.1-7.0 mmol/L). Body mass index was calculated as weight in kilograms divided by the square of height in meters. Systolic and diastolic blood pressure was measured according to a standard protocol. Blood was collected and analyzed in specimens collected at the baseline examination according to laboratory methods described previously 21 and included measurement of serum creatinine, fasting glucose and insulin, total cholesterol, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, triglycerides, C-reactive protein (CRP), and fibrinogen.
22
STATISTICAL ANALYSIS
Distributions of baseline characteristics were described for men and women, using means and SDs or proportions. Nonnormally distributed variables were summarized by their medians or geometric means. The proportions remaining successful at levels of selected risk factors, adjusted for age and cohort, were estimated by logistic regression. Life tables were generated by sex, age group, and subclinical disease status to determine the cumulative proportion remaining free of disease or disability in each stratum. This proportion provides an estimate of the probability that a person with the given characteristics will age successfully throughout the maximum follow-up of 9 years.
Multivariable analyses were done using accelerated failure time models 23 to determine which characteristics were predictive of remaining successful. The accelerated failure time model assumes that risk factors act to shorten or lengthen the time of remaining successful, such that the likelihood that an individual with a given risk factor remains successful until time t is equal to the likelihood that someone without the risk factor remains successful until time kt, where k is the acceleration factor. If k is greater than 1, the individual without the risk factor remains successful longer, and the person with the risk factor is said to have an accelerated failure time. If k is less than 1, the "risk" factor is beneficial to maintaining success, and if k is equivalent to 1, there is no difference in successful survival time between persons with and without the risk factor. The inverse of the acceleration factor k, provides an estimate of the proportion of years remaining successful in those with the given risk factor compared with those without. All models were adjusted for age, race, body mass index, years of education, depression score, and arthritis. Additional risk factors were allowed to enter in stages, with smoking, alcohol use, energy expenditure from physical activity, history of hypertension or diabetes mellitus, and blood pressure considered at stage 1. Once significant stage 1 variables were entered, the blood laboratory measurements were considered. In the final stage, measures of subclinical CVD were evaluated for entry. Skewed variables were log-transformed and tested linearly; results are presented in quintiles or clinical cutpoints to examine potential threshold effects. Multivariable models were generated separately for men and women, and sex interactions were tested for significance in a model including men and women. No significant interactions were found, and results of the stratified models were similar. We retained the model including men and women to estimate median years of successful life with the same set of predictors for both sexes. The median number of successful years was calculated from the final model for an idealized low-risk individual who had the best profile on each risk factor and an idealized high-risk individual who had the worst profile on each risk factor, for a selected age group and sex. The adjustment variables of years of education, body mass index, depression score, arthritis, and race were set to their mean values for the participants who were successful at baseline. Observed median survival was calculated from a life table.
To determine whether subclinical vascular disease and CVD risk factors were associated with more years free of physical and cognitive disability when not combined with the incident CVD outcome, we modeled separately ADL difficulty and a combined physical and cognitive disability, using the predictors identified in the successful aging models, with and without adjustment for intervening CVD. These models were sex stratified. Analyses were done using SPSS version 10 (SPSS Inc, Chicago, Ill) and Stata version 7 (Stata Corporation, College Station, Tex) and are based on the CHS database updated through September 30, 2001 .
RESULTS
Of the 5888 subjects in the CHS, 5875 (3385 women and 2490 men) had sufficient data at baseline to be classified according to our successful aging criteria, and 49.9% (n=2932) were considered to have successfully aged at study entry. Of the 2943 who did not meet the entry criteria, the number and percentage with events in each domain were as follows, with lack of success in multiple domains possible: CVD, 1513 (51.4%); cancer, 840 (28.5%); chronic obstructive pulmonary disease, 751 (25.5%); ADL difficulty, 476 (16.2%); and Modified MiniMental State Examination score below the 80th percentile, 464 (15.8%). Women were more likely to have successfully aged than men: 53.2% (n=1801) of women vs 45.4% (n=1131) of men (PϽ.001). Subjects who were successful were, on average, about 2 years younger than those who were not successful (71.9 vs 73.8 years). Table 1 describes the characteristics of these 2932 men and women. Of note, there was a spectrum of risk factors and subclinical vascular disease in these individuals. In the women, 11.2% were diabetic, 40.5% were hypertensive, 12.4% were current smokers, 17.9% had major ECG abnormalities, and 40.0% had carotid stenosis greater than 25%. Similarly, the successful men had a prevalence of diabetes mellitus of 15.3%, 37.2% had hypertension, 11.1% were smokers, 24.3% had major ECG abnormalities, and 43.9% had carotid stenosis.
Of these individuals classified as successfully aged at enrollment, 48.0% (n = 1408) remained successful through follow-up. Table 2 summarizes the outcomes separately for men and women. Because more than 1 outcome was possible for an individual, the table shows the totals of all outcomes and the first outcome experienced. Women were more likely to develop ADL disability, while men were more likely to have incident CVD or cancer (PϽ.001).
The proportions remaining successful throughout the 8-year follow-up are presented by risk factor status, adjusted for age and cohort, in Table 3 . In men and women, those with the youngest age at study entry and without diabetes mellitus, hypertension, or subclinical vascular disease had the highest proportions remaining successful. A smaller percentage of African Americans remained successful compared with whites, but the difference was smaller in magnitude than that of age or diabetes mellitus status and was not statistically significant.
To better illustrate the combined relationship of subclinical disease and age to successful aging, we plotted the probability of remaining successful according to the composite measure of subclinical disease within age and sex strata. The Figure shows the cumulative proportions surviving successfully for the composite outcome and for the individual outcomes of ADL disability and cognitive decline. They illustrate the pronounced effect of age at study entry and subclinical disease on the likelihood of successfully aging throughout the follow-up. Within each age group, the participants with subclinical disease generally had a probability of remaining successful that was more similar to participants 5 years older who had no subclinical disease than to their own-age peers free of subclinical disease. The pattern is similar for those with ADL disability and those with cognitive decline. The effect of subclinical vascular disease was seen to essentially shift the age-related decline to an age approximately 5 years younger. In separate regression models for men and women with age and presence of subclinical disease as predictors, the effect of subclinical disease was equivalent to 6.5 (95% confidence interval, 6.4-6.6) years of aging in women and 5.6 (95% confidence interval, 5.4-5.8) years in men.
Results of the multivariable model are presented in Table 4 . In these models, we considered 3 of the components of the composite subclinical disease index in more detail. The proportion given for each risk factor level represents the relative proportion of successful years experienced by someone with the risk factor, compared with someone without the risk factor who had equal values for the remaining variables in the model. Age at baseline remained strongly associated with successful aging, with those 85 and older having only about one quarter the number of successful years as participants aged 65 to 69. Men had on average fewer successful years than women (89% of the number of healthy years for women). Success rates were not significantly different in whites compared with African Americans. As expected, participants who did not smoke, were more physically active, and who did not have diabetes mellitus had more years of successful aging. A current smoker who had smoked more than 40 packyears had 63% (0.77 ϫ 0.82) as many healthy years as someone who never smoked and who had the same values on the other risk factors, even though the smoker had successfully aged to at least age 65 to be classified as successful at the baseline examination.
After adjustment for lifestyle factors, the subclinical disease measures of AAI, carotid wall thickness, and major ECG abnormality remained significantly related to years of success, as did the level of CRP at baseline. Each 0.1-U increase in the AAI was associated with an increase of 5% in the number of successful years. The proportion of successful years for an m-unit higher level of AAI is computed as (1.05) m . Therefore, a participant with an AAI of 1.0 would have an estimated 10% more successful years than a participant with an AAI of 0.8, since 1.05 2 =1.10, all other factors in the model being equal. This result can only be interpreted for values of AAI within the range of our data, approximately between 0.5 and 1.5. Each quintile of increased carotid wall thickness was associated with fewer years of successful aging, with participants in the highest quintile having 69% of the number of successful years as participants in the lowest quintile. Major ECG abnormalities were associated with about 81% of the number of successful years, which is similar to the association of a value of CRP in the highest quintile compared with the lowest quintile.
The accelerated failure time model can be used to estimate the median number of successful years according to values of the risk factors in the model. We calculated the median number of successful years for men and women in 5 age groups and for the lowest and highest levels of the Table 4 risk factors and tabulated the results in Table 5 . The proportions in Table 4 can be used to estimate the association of an individual risk factor with the number of successful years by multiplying the proportion associated with that risk factor by the mean number of years for someone in the low-risk category in Table  5 . For example, a 72-year-old woman with lowest values of all the risk factors listed in Table 4 would be expected to have 14 years of successful aging. If she were in the highest quintile of carotid wall thickness and had low-risk values for all of the other factors, the number of years would be reduced to 0.69ϫ14, or 9.7 years. The association of several factors would be multiplicative, as is the effect of changing more than 1 value for a continuous risk factor, such as AAI.
Finally, we examined whether the ability to maintain success was due to the increased risk of vascular events in those with subclinical vascular disease, by examining the relationship of subclinical markers and CVD risk factors to intact physical and cognitive function as the outcome, adjusting for interim CVD events. Women had more years free of physical or cognitive impairment if they were nonsmokers, did not have diabetes mellitus, exercised, and had minimal carotid wall thickness. Adjustment for intervening CVD reduced the significance of carotid wall thickness (P=.07), but other factors remained significantly associated with years of living free of disability. In men, low systolic blood pressure and higher AAI were associated with more years free of cognitive or physical disability, with or without adjustment for intervening CVD.
COMMENT
Men and women who reach old age in good health without disability or cognitive impairment vary widely in the likelihood of continuing to age successfully. The initial age at study entry was the strongest predictor of continued success, but even within age strata the number of expected years of success was strongly related to other factors, including the extent of subclinical vascular disease and health habits. Participants without subclinical vascular disease continued to successfully age approximately 5 to 6 years longer than those with subclinical disease (women, 6.5 vs men, 5.6 years). Those aged 80 to 84 with the lowest levels of vascular disease and no other risk factor could potentially have 7 to 8 years of continued success, on average. That the observed median number of successful years in this age group ranged from 3.8 to 4.3 suggests that most participants had 1 or more risk factors. *Adjusted for age and cohort by setting age as 72 and cohort as 1 (original cohort) in a logistic regression. †For 3 or more level categories, the first P value is for the overall measure; others compare each category to the first.
‡Adjusted for cohort only. Although the extent of established vascular disease was an important determinant of maintenance of success, it did not explain the association with age. Even the lowest-risk group older than 80 had a lower likelihood of successfully aging than younger individuals with subclinical vascular disease. Other factors, including diabetes mellitus and smoking, did not fully explain the association with age at study entry. Vascular disease is so strongly age-related that it has historically (see the introductory quotation by Sydenham) 24(p23) and recently 25 been proposed as a biomarker of aging. These data might be interpreted to show that arterial disease accelerates important age-related declines, but do not entirely explain it. This observation is consistent with studies [26] [27] [28] showing that vascular disease is not an obligatory finding in all aged populations. The independent associations of diabetes mellitus, smoking, and physical activity with fewer years of success is important because risk factors are modifiable. Furthermore, it suggests that their adverse effects on maintaining health and function may be mediated by pathways other than vascular disease. Previous work in this cohort has emphasized the importance of modifiable behavioral factors in preventing several important chronic diseases of old age. 5 A study in the Honolulu Heart Program cohort showed that smoking, diabetes mellitus, and hypertension are common factors underlying a composite outcome of successful aging that is similar to ours. 3 Smoking and physical activity were shown to dramatically affect active life expectancy in the MacArthur studies of successful aging as well. 29 The *Adjusted for body mass index, education, depression score, and arthritis in addition to the variables tabulated.
†Overall P values for carotid, C-reactive protein, age, pack-years, and physical activity are from a model with these terms modeled linearly.
‡Cutpoints combine internal and common carotid values, and the resulting values are not clinically meaningful.
associations with the subclinical vascular disease markers shown herein illustrate the potential for successful aging that such interventions could achieve by a shift in the population to a lower degree of subclinical vascular disease. C-reactive protein level and increased physical activity were also associated with successful aging. Higher CRP levels have previously been documented to predict mortality, 30 CVD, 22 and CVD events 31 in older adults. Inflammation as measured by interleukin 6 has been shown to predict disability, 32 while associations with CRP are less consistent. 33 Factors that predict higher levels of disability include smoking and obesity, but the pathophysiologic basis of these associations is not well-defined. Additional work is needed to examine these factors, 34 as well as other factors such as insulinlike growth factor, sex steroid hormones, and homocysteine levels that are hypothesized to affect the aging process. 35 There are increasing opportunities to identify genetic factors that might affect the age at onset of vascular disease. 36 There is also a growing recognition that there may be protective genetic factors that result in delayed onset of vascular disease, even in the presence of modifiable risk factors such as smoking and cholesterol. 37 Family history also continues to predict vascular disease in late life, and its role is being examined in longevity and successful aging. 38 Future studies should examine whether successful vascular aging is genetically determined, to what degree genetic predisposition is environmentally modified, and whether it is part of a general phenomenon of a slow rate of aging.
The participants of the CHS have been well characterized regarding vascular disease and disability over many years. 39 Non-CVD risk factors have been less completely characterized and may also be important. Another limitation of the study is that ICD-9 codes for non-CVD conditions could have overestimated or underestimated their contribution to the outcome, which could bias associations of subclinical vascular disease with successful aging in either or both directions. It is noteworthy that fewer than one quarter of the cohort met the criteria for success at baseline and maintained health and function during 8 years. Although the use of the term "successful" to describe these individuals should not be interpreted to imply that most older adults are "failures," we simply retained conventional terminology as it is often used in the literature.
Finally, the potential for the extent of vascular disease to exert its effect on functioning in old age may well be due to its association with a higher rate of disabling cardiovascular events. These analyses suggest that the effects of CVD on functioning are subclinical in that the associations persisted even when disease was excluded from the outcome and intervening events were accounted for.
Improving the quality of late life and maintaining intact health and function are important public health goals. These data suggest that if we shift the burden of vascular disease to later in life, the age-related trajectory of decline should be attenuated by several years. Current treatments for cardiovascular risk factors, including smoking cessation, lipid lowering, blood pressure treatment, and avoidance of obesity through diet and exercise, are underutilized 40, 41 but have been successful in preventing CVD events. Recent recommendations for risk factor modification suggest that markers of the extent of subclinical vascular disease may be useful to target intervention in older adults, especially those without elevations in cardiovascular risk factors. 42 These data suggest that, if these treatments shift the extent of subclinical disease to lower levels, the quality and the quantity of years should be improved. Prevention of CVD should be a major priority for the achievement of successful aging. 
